The present work describes the application of scanning electrochemical microscopy (SECM) in the feedback mode to determine the kinetics of oxygen reduction at or near the liquid/liquid interface -between water and 1,2-dichloroethane (w/DCE). The system contained decamethylferrocene (DMFc) in DCE as the electron donor and acids in water as a proton source. In this approach, decamethylferrocenium (DMFc + ) is reduced at the tip of a microelectrode in DCE and the electrogenerated DMFc reacts with protons and oxygen to be re-oxidized in a following chemical reaction (catalytic EC' mechanism). When a high Galvani potential difference was applied across the liquid/liquid interface, protons would transfer rapidly to the organic phase. Under this condition, SECM approach curves toward the liquid/liquid interface showed dramatic current increases at distances far from the interface. This indicates that oxygen reduction takes place mainly in the bulk DCE; however, at lower Galvani potential differences, where the proton transfer is slow, oxygen reduction was also observed at the interface. Finally, SECM feedback mode measurements with the tip approaching a conductive substrate were used to determine the kinetics of the homogeneous reaction, with an obtained apparent rate constant of 0.2-0.5 m 3 mol À1 s
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Introduction
In aerobic organisms, the oxygen reduction reaction (ORR) in cellular respiration is a proton-coupled electron-transfer (PCET) process, where the proton transfer and electron transfer are tightly coupled via enzymes containing porphyrin subunits as active centers bounded within the biomembrane of the mitochondria -a soft interface [1, 2] . During this process, nutrients are oxidized to generate adenosine triphosphate (ATP), the so-called ''energy currency'' used in metabolism. Oxygen has been recognized as the terminal electron acceptor with water (H 2 O) as its main reduction product, although sometimes superoxide intermediates can be also generated under some unfavorable conditions.
In 1963, Blank and Feig pointed out that to a rough approximation, there is a similarity between one half of a biomembrane and a liquid/liquid interface [3] . The liquid/liquid interface or the interface between two immiscible electrolyte solutions (ITIES) is normally composed of two phases between water (w) and an organic solvent (o), such as 1,2-dichloroethane (DCE) or nitrobenzene (NB) [4, 5] . Since then, the liquid/liquid interface was employed as a simplified model to investigate bio-electrical phenomena such as potentials and currents at biomembranes and spread into the field of electrophysiology. The potential across the ITIES, i.e. the Galvani potential difference D w o / À Á , functioning as the driving force for ion transfer, can be controlled either by a common ion distribution between the two phases or externally by way of a potentiostat and electrodes immersed in each phase [4, 5] . The method employed in practical applications depends on the specific aims, although the latter is more commonly used. Until now, the four-electrode systems [6] , three-electrode systems [7, 8] , and supported micro-or nano-ITIES [9] , constitute the main body of the methodology in externally polarizing the ITIES.
The ORR at the ITIES has been investigated extensively for ca. two decades [10] . The (DFc) or decamethylferrocene (DMFc) as electron donors located in the organic phase [10] . They observed an enhanced current without a reverse peak in the positive Galvani potential range when oxygen was used as the only oxidant in the aqueous phase; they ascribed this phenomenon to sequential oxygen reduction with water as the final product [10] . However, no efforts were made to elucidate the reaction mechanism. In 2000, Kihara and co-workers [11] studied ORR at the w/DCE interface by polarography in the presence of tetrachlorohydroquinone in DCE as the lipophilic electron donor at different aqueous pH values. It was shown that H 2 O or hydrogen peroxide (H 2 O 2 ) was the final product depending on the applied Galvani potential difference [11] . Similarly, Anson's group employed a thin organic layer containing a catalyst, cobalt 5,10,15,20-tetraphenylporphyrin or cobalt ''picket fence'' porphyrin, supported on a graphite electrode, to study the electro-reduction of oxygen at the liquidliquid interface [12, 13] . It was found that the rate of the ORR and the fraction of H 2 O produced could be improved significantly by introduction of the thin organic layer interposed between the solid electrode and the aqueous phase, in comparison with the catalyst adsorbed directly on the solid electrode [12, 13] . In 2003, reduction of molecular oxygen in the aqueous phase by a fullerene monoanion located in the oil phase was reported by Kontturi and co-workers and characterized by scanning electrochemical microscopy (SECM) [14] . Samec and co-workers have demonstrated that platinum nanoparticles can be synthesized in situ and adsorbed at the ITIES acting as catalysts for the interfacial reduction of oxygen [15] . Our group has also investigated the ORR at the w/DCE interface quite extensively since 2008 [16] , including the ORR at the ITIES by direct lipophilic electron donors such as different ferrocene derivatives [16] [17] [18] or tetrathiafulvalene [19] . We also found that the reaction can be catalyzed by different porphyrins [20] [21] [22] [23] [24] [25] [26] [27] and dodecylaniline [28] , and a novel fuel cell concept based on molecular catalysis of oxygen reduction at a liquid/liquid interface was introduced [29] .
More recently, the mechanism of ORR catalyzed by the biomimetic cofacial bis-metalloporphyrins at the liquid/liquid interface was also studied, with the help of density functional theory (DFT) [30] . Interestingly, a recent work from Opallo's group showed that H 2 O 2 can be generated from ORR in biphasic systems under conditions unfavorable for proton transfer, while being detected in situ by SECM with the help of an enzyme À horseradish peroxidase [31] . They also demonstrated the successful determination of H 2 produced in a biphasic liquid/liquid system employing a potentiometric probe [32] . Although the biphasic ORR has been studied intensively, the kinetic aspects of this reaction have been missed for some time and only addressed in few studies [33, 34] . Recently, the kinetics of biphasic ORR by Fc and its derivatives as the lipophilic electron donors, along with sulfuric acid as the aqueous proton source, were investigated through comparison of experimentally observed voltammograms to simulated ones generated by COMSOL Multiphysics utilizing the finite element method (FEM) [35] . The reaction pathway was shown to be composed of a potential dependent proton transfer step (i.e. ion transfer, IT) from the aqueous to organic phases along with two homogeneous chemical reactions (C 1 C 2 ) occurring in the organic phase -an IT-C 1 C 2 mechanism [35] Herein, an alternative methodology employing SECM in the feedback mode was developed to study the mechanism and kinetics of the ORR at the ITIES. It should be mentioned that an earlier work surrounding in situ SECM detection of H 2 O 2 produced in a w/DCE biphasic reaction has been reported [17] ; however, no kinetic/thermodynamic information was obtained, while the work presented here will address this missing component and provide new physical, mechanistic insights. SECM in the feedback mode implements a microelectrode probe approaching or scanning over an interface, while recording the current generated by a redox mediator. Depending on the capability of the interface to regenerate the initial redox species, a current change monitored at the microelectrode allows the extraction of kinetic information by taking into account the balance between rates of electron transfer and mass transport processes. Therefore, SECM is an excellent tool to study interfacial phenomena [36, 37] , such as electron transfer at liquid/liquid interfaces [38, 39] , as well as homogeneous chemical reactions involving redox species generated at the SECM probe [40] [41] [42] [43] [44] . For instance, Bard and co-workers have employed SECM for rapid screening of metallic catalysts deposited on a solid substrate in acidic media for oxygen reduction [45, 46] .
Specifically, a decamethylferrocenium (DMFc + ) solution was prepared firstly by a biphasic reaction [16] . Then DMFc + was reduced to DMFc at the tip of a microelectrode in DCE and the electrogenerated DMFc reacts with protons (either from aqueous in a liquid/liquid interface system or from an organic acid) and dissolved oxygen to be re-oxidized in a EC' scheme [47] . Steady-state microelectrode voltammetry has been previously employed to measure the kinetics of a catalytic EC' process [48] , but SECM feedback measurements offer some further advantages featured with the tunable kinetic and mass transfer regimes [49] ; therefore, this methodology has been adopted for this work.
Theory

Mechanism of oxygen reduction by DMFc
The overall oxygen reduction by DMFc at the liquid/liquid interface is described by reaction 1 [16] , in which H + is initially in the aqueous phase.
where o = DCE, and w = aqueous. Reaction 1 is composed of the individual steps shown in reactions 2-4, occurring in the oil phase. For reaction 1 to occur, H + needs to be transferred into the oil phase from water, either by an external electrical polarization or by phase transfer catalysis with an addition of extremely lipophilic counteranion.
The rate determining step has been found to be the protonation of DMFc to form the hydride À DMFc-H + (Eq. (2)) [35, 50] . The hydride can then react with oxygen to produce DMFc + and the hydrogen peroxyl radical (Eq. (3)) that then reacts quickly with a proton and an equivalent of DMFc to produce H 2 O 2 (reaction 4) [35, 50] . It has been shown by FEM simulations that reaction 3 can still influence the kinetics of the overall reaction (Eq. (1)) appreciably, even though the reaction described in Eq. (2) is the rate determining step [35] . The H 2 O 2 produced then partitions into the aqueous phase. Hence the total rate of DMFc consumption can be estimated by taking the steady-state assumption for the inter-mediate species À DMFcH + and HO 2 Å and assuming fast diffusing O 2 can be replenished during the course of the reaction. The rate of the overall reaction can then be expressed approximately as
where k 1 is the rate constant of DMFcH + formation (Eq. (2)).
To study the kinetics of this process, DMFc + was reduced to DMFc at the SECM tip, thus the electrogenerated DMFc can then react with oxygen and protons according to Eq. (1), regenerating the starting material, DMFc + (Scheme 1). The protons were introduced into the DCE phase either by positively polarizing the liquid/liquid interface to such an extent that protons can be transferred from the aqueous to the oil phase (Scheme 1A) or by direct addition of an organic acid into the DCE phase (in this case, the w/ DCE interface is replaced by a solid conductive substrate, see Scheme 1B). Under these conditions, regeneration of DMFc + takes place by the overall homogeneous reaction (Eq. (1)), with the interfacial reaction as a minor contributor; Scheme 1A only shows the major contributor for clarity. Hence, the system can be studied either with the w/DCE interface as the proton source or in the homogeneous phase by adding an organic acid directly into the solution.
Simulations
The ORR kinetics can be studied more conveniently in a homogeneous phase by adding an organic acid directly into the solution. The experimental evidence will be addressed in Section 4.2; however, to extract the kinetic rate constants of the homogeneous ORR quantitatively, a simulation model, employing COMSOL Multiphysics software and incorporating a solid conductive substrate in place of the liquid/liquid interface, along with an organic acid as the proton source, was built (see Scheme 1B). The merit of this strategy is the number of independent variables in this model is less than that in a model built on liquid/liquid interfacial design, simplifying the simulation drastically. DMFc + is reduced at the microelectrode tip,
producing DMFc (reaction 6). DMFc will react homogeneously with protons and oxygen, and is oxidized back to DMFc + by means of bulk (Eq. (1)) and heterogeneous (substrate, Eq. (7)) reactions. The rate of reaction 1 can be estimated as shown in Eq. (5), where k = 2k 1 . O 2 is assumed to be in excess (solubility of O 2 in DCE is 1.4 mM [51] ) during the homogeneous reaction; the system under consideration is deemed open, such that O 2 is continually replenished. In this way, the current profile of the tip approaching the conductive substrate is different between the cases with and without the homogeneous ORR. In the absence of homogeneous reactions (k = 0), DMFc was oxidized back to DMFc + directly on the solid substrate (Eq. (7)) in a close tip/substrate separation. While, less DMFc will be oxidized directly on the solid substrate due to a compressed current (concentration) profile of DMFc close to the tip surface in the presence of the competitive homogeneous ORR (k -0) [52] . The approach curves recorded at the tip are highly sensitive to the rate constant of the homogeneous chemical reaction and comparison and fitting between theoretical and experimental approach curves form the basis of the methodology described here.
The details on calculations of approach curves considering mass transport of reactant species and kinetics of the homogeneous reaction will be given in the Appendix A.
Experimental section
Chemicals
All chemicals were analytical grade and used as received without further purification. Decamethylferrocene (DMFc) was purchased from Alfa Aesar. Bis(triphenylphosphoranylidene) ammonium chloride (BACl) and 1,2-dichloroethane (DCE) were obtained from Fluka. Sulfuric acid (H 2 SO 4 , 95-97%) was sourced from Sigma-Aldrich, while lithium tetrakis(pentafluorophenyl)borate diethyl etherate (LiTB) was bought from Boulder Scientific.
Bis(triphenylphosphoranylidene) ammonium tetrakis (pentafluorophenyl)borate (BATB) was prepared by metathesis of 1:1 mixtures of BACl and LiTB, in a methanol/water (v/v = 2) mixture, followed by recrystallization in acetone [53] . The organic acid HTB was prepared by shaking x mM LiTB and y mM H 2 SO 4 (x ( y) in aqueous phase with pure DCE for 1 h, followed by the isolation of the DCE phase [50] . The obtained DCE solution is assumed to contain only HTB in x mM, considering the extreme lipophilicity of TB À as phase transfer catalyst for H + . 5 mM DMFc + TB À with 5 mM BATB as supporting electrolyte in DCE was prepared by two-phase shake flask reactions between an aqueous phase containing 5 mM LiTB along with 50 mM H 2 SO 4 and a DCE phase containing 5 mM BATB and 5 mM DMFc. The biphasic mixture was stirred for 1 h, followed by isolation of the DCE phase [16] . The aqueous solutions were prepared from ultrapure water (18.2 MO cm) obtained from a Millipore-Q system. Scheme 1. Schematic of the catalytic EC' process for oxygen reduction by electrogenerated DMFc studied with SECM in feedback mode (not to the scale). Panel A shows the biphasic system where the polarized w/DCE interface acts as the proton source and panel B illustrates the homogeneous phase system with organic acid as the proton source, respectively. The thin dashed lines with arrows indicate the coordinate axes in panel B. The two experimental setups are detailed in Fig. 1A and B, respectively.
Electrochemical measurements
All the electrochemical measurements were performed at ambient temperature (20 ± 2°C) under aerobic conditions in a Faraday cage with a CHI900 electrochemical workstation (CH Instruments, Austin, USA) or an Autolab PGSTAT 30 potentiostat (Metrohm, Switzerland). The electrochemical cells are described in Fig. 1 , including the setup for the liquid/liquid interface system as illustrated in Fig. 1A and that for homogeneous phase system drawn in Fig. 1B . For the liquid/liquid interface system, the reference electrode was a Ag/AgTB wire (diameter = 0.5 mm, made by electrolysis of a Ag wire in 10 mM LiTB solution) inserted into a fine-tip glass capillary (outer/inner diameter = 591/130 lm) [54] immersed in the test solution. A Ag/AgCl electrode (diameter = 0.5 mm) sealed in glass (2 mm in overall diameter) was used as a substrate electrode for supporting the aqueous droplet (5 lL, . Carbon electrodes were used since they have a sufficiently high overpotential for hydrogen evolution [18] to allow the selective separation of proton and DMFc + reduction current waves, simplifying the kinetic studies. A Pt wire was used as a counter electrode. The DCE phase and aqueous phase were saturated with each other before SECM studies. A set of approach curves were obtained by approaching the microelectrode (biased at a potential where a diffusion-limited steady-state current for the reduction of DMFc + is achieved) toward the DCE/w interface, while at the same time polarizing the interface at different Galvani potentials. All the approach curves started from a point far away from the interface and were stopped after the probe touched the aqueous phase. After each approach curve, the tip was cleaned to avoid any contamination that may have occurred through possible contact with the interface. The Galvani potential difference at the liquid/liquid interface was obtained by correcting the applied potential with respect to the standard ion transfer potential of tetraethylammonium (TEA
To clarify the reaction site for the ORR at the liquid/liquid interface, SECM studies on a soft interface were complemented with studies on a solid glassy carbon surface (diameter = 3 mm), where another set of approach curves were conducted with a Pt microelectrode tip (diameter = 10 lm, RG = 5.5) over the glassy carbon surface (Fig. 1B) . All other conditions were the same as those for the SECM experiments for the liquid/liquid interface. Fabrication of the Pt (diameter = 10 or 25 lm) and carbon fiber (diameter = 10 lm) microelectrodes was performed as described elsewhere [18, 56] .
For a quantitative determination of the kinetic constants in the homogeneous chemical reaction, a series of approach curves with the GC microelectrode (diameter = 10 lm, RG = 8.6) on a Pt substrate (500 lm diameter) were performed, employing the setup shown in Fig. 1B . The tip was first centered over the middle of the substrate by filling the cell with 2 mM FcMeOH solution in 100 mM KNO 3 and measuring the x and y scans over the substrate in the feedback mode. The angle of the substrate was then adjusted with the tilt table so that both x and y scans were reasonably flat. Afterwards, the cell was emptied and washed with pure DCE solvent before introducing the test solution of ca. 0.5 mM DMFc + TB À with 2 equivalents of trifluoroacetic acid (TFA) as the organic acid into the cell. The tip was set to a potential for DMFc + reduction at a diffusion-limited rate, while the substrate was biased at a potential for diffusion-limited oxidation of DMFc to DMFc + . Then the approach curve was recorded at a speed of 0.5 lm/s and a step of 0.5 lm. The procedure was also repeated for 4 and 10 equivalents of TFA. For comparison of the experimental data with the simulated results, the tip current was normalized with the tip current in the bulk, and the distance at the end of the approach was adjusted to get the best possible correspondence with the experimental data. These experiments were conducted employing a custom-built SECM setup controlled by SECMx software [57] and with an IVIUM compactstat (IVIUM Technologies, The Netherlands).
Results and discussion
Characterization by UV-Vis spectroscopy and voltammetry
Careful examination of reaction kinetics requires that H + be inactive at the microelectrode tip over the same potential range for DMFc + reduction. The standard redox potentials for DMFc /DMFc, which has been assigned to hydrogen evolution, increases with increasing proton/acid concentration (solid line vs. dotted line). Linear sweep voltammetry (LSV) rather than CV was employed to avoid a severely distorted signal during the reverse potential scan due to the large amount of H 2 evolved. As shown in Fig. 2 Fig. 3 , to confirm that a 100% yield for DMFc + TB À was obtained. Normally, a fresh yellow solution of DMFc in DCE displays an absorption band in the UV-Vis spectrum at k max = 425 nm (dashed line). However, after a two-phase shake flask experiment, using LiTB and H 2 SO 4 , the DCE phase turned green and displayed a new absorption band in the UV-Vis spectrum with a k max = 779 nm, indicating the presence of DMFc + (solid line in Fig. 3 ). Since the absorption band of DMFc at k max = 425 nm disappeared completely, it can be assumed that the reaction was quantitative (i.e. 100%). This assumption was confirmed by cyclic voltammetry in the DCE phase at a carbon microelectrode, where only a pure steady-state cathodic current wave was observed during the forward scan (i.e. reduction of DMFc + ), while the reverse scan superimposed exactly with the forward scan, showed a signal without any appreciable anodic component (see inset in Fig. 3 ). This voltammetric result also indicates that the formed DMFc + is very stable and no decomposition takes place in the time-scale of the experiment. Fig. 4 shows the cyclic voltammograms obtained at the droplet w/DCE interface in the three-electrode setup (see Fig. 1A ) and at the conventional planar w/DCE interface (0.159 cm 2 ) in the fourelectrode setup [30] . The similarity inherent in these two voltammograms confirms the applicability of the three-electrode setup to polarize the liquid/liquid interface. The only difference is that the CV obtained in the four-electrode setup is sharper at the negative and positive potential limits, mostly due to iR drop compensation. As discussed previously [17, 20, 21, 26] , the potential window in the droplet case is limited by the transfer of H + and Cl À from water to DCE at positive and negative potentials, respectively. The voltammetric wave of DMFc + transfer cannot be observed under the present conditions as it is outside the negative limit of the potential , while other conditions were the same as those described for Fig. 1 [17] . The vertical dashed lines on the 3-electrode cell CV (solid line) in Fig. 4 represent the different Galvani potential values employed for polarizing the interface during SECM feedback mode experiments (i.e. approach curves).
SECM feedback mode in biphasic system
Fig . 5A shows the experimental approach curves performed via approaching the microelectrode probe toward the DCE/w interface biased at the Galvani potentials highlighted in Fig. 4 . A trend in the approach curves evolving from negative to positive feedback can be observed as the Galvani potential difference at the ITIES was gradually increased. The positive feedback can be explained as the regeneration of the initial species -DMFc + according to Eq.
(1). The increase in the current starts from normalized distances higher than 50, when the interfacial potential difference was higher than 0.23 V in the Galvani potential scale. This is not in agreement with the typical approach curves obtained for interfacial processes studied by SECM (as seen from a series of approach curves obtained over the glassy-carbon substrate biased at different applied potentials, Fig. 5B ). Typically, the normalized current is mainly perturbed at normalized distances smaller than 2 in the SECM approach curves obtained at the electrolyte/solid substrate interface. The fact that an increase in the recorded current is observed at much longer distances can be explained by the homogeneous reaction between the electrogenerated DMFc with protons diffusing into the bulk DCE phase from the liquid/liquid interface and dissolved oxygen in DCE. This is in agreement with the IT-C 1 C 2 mechanism proposed by Stockmann et al. [35] . As it has been well recognized that the ion transfer across the ITIES is fast (0.5-1 cm s À1 ) [59] , the polarization of the liquid/liquid interface fixes the interfacial proton concentration at the oil side to the value dictated by the Nernst equation (Eq. (8)), and then the protons start to diffuse into the bulk phase. þ is assumed to be the same as the bulk value due to the high diffusion coefficient of H + in aqueous phase (9.3 Â 10 À5 cm 2 s
À1
) [60] . R, T, and F have their usual meanings. Once the proton diffusion layer meets the tip, the tip current increases as described by the catalytic EC' process (Eqs. (2)- (4) (8)) and the approach curves such as those drawn in Fig. 5A . The concentration profile equation derived from the Laplace transform is as follows:
where c H þ ðx; tÞ is the H + concentration in DCE at the tip located at a distance x from the interface and at time t, erfc is the complementary error function, x = initial tip position À vt, in which v is the approach at an applied Galvani potential difference of 0.38 V in Fig. 4 , built based on Eq. (9) and the approach curve in Fig. 5C (red line, right ordinate axis). It can be seen from Fig. 5C that the H + concentration
is noticeable even at a normalized distance of more than 50, in (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) agreement with the observations from Fig. 5A . Additionally, the shapes of the H + concentration profile at the tip and the approach curve are in a fair agreement. This provides evidence that the ORR mainly occurs in the bulk DCE phase, corroborating earlier findings [35] . Nevertheless, it should be stressed that the reproducibility between approach curves was poor as can be seen from comparison between the approach curve obtained at a Galvani potential difference of 0.38 V in Figs. 5A and C. The current signal obtained at the tip was not always stable; this likely due to some surface contamination. This was confirmed by slow addition of HTB into the DMFc solution and consecutive measurements of microelectrode voltammograms after each addition. The steady-state current decreased upon addition of HTB, but could be recovered by polishing the tip surface. So, another strategy, illustrated in Scheme 1B and Fig. 1B , was employed to extract the kinetic rate constant of the ORR, which will be discussed in Section 4.3. Fig. 5A also shows a slight increase in the tip current close to the interface, when the Galvani potential difference was less than 0.23 V. This can be explained by interfacial oxygen reduction when the electrogenerated DMFc reaches the DCE/w interface. Recently, SECM measurements using perchlorate as the common ion to polarize the liquid/liquid interface have shown that the driving force for oxygen reduction is high enough so that protons are not needed to transfer into the oil phase to trigger the reaction [31] . However, the heterogeneous reaction is much slower than the homogeneous reaction. Very recently, four-electrode cell measurements under anaerobic conditions in combination with finite element method simulations [35] have shown that DMFc can only slightly facilitate proton transfer (DMFcH + formation constant of ca. 0.5 m 3 mol À1 s À1 in DCE) across the polarized liquid/liquid interface. Hence, an additional reason for the slight increase in the tip current close to the interface, while keeping interfacial Galvani potential difference at values that cannot transfer protons into the DCE phase, can be explained by a homogeneous reaction mechanism [61] . In that case, the electrogenerated DMFc diffuses into the water droplet and reacts with O 2 and H + at the aqueous side of the interface, forming DMFc + that is transferred back to the organic phase at potentials higher than the observed half-wave potential for DMFc + transfer (ca. À0.3 V in Galvani scale). Subsequently, DMFc + is available for reduction at the SECM tip, forming a feedback loop. The superiority of homogeneous over heterogeneous regeneration of DMFc + can be ascribed to the drastic difference in the reaction field thickness between these two conditions [61] . The fact that a third order reaction is kinetically unfavorable also accounts for the small possibility of a heterogeneous reaction. This phenomenon has been observed previously for studies of ORR at the liquid/liquid interface by DMFc [28] and DFcE [18] . The same methodology developed here was also used to try to determine the kinetics of oxygen reduction by tetrathiafulvalene at the ITIES, but the results showed that the reaction between oxygen and TTF was too slow to show any significant changes in the current. This was not unexpected, as the completion of the reaction between 1 mM TTF, 10 mM HCl, and 10 mM LiTB was reported to take more than 80 h [19] .
SECM feedback mode in the homogeneous phase
As shown in the previous section, oxygen reduction by DMFc occurs mostly homogeneously in the DCE phase. Simulations of the system described in the previous section are difficult to compare with the experimental results due to the complexity of the system that involves both the moving tip and macro-scale diffusion of transferred protons into the bulk DCE toward the approaching tip. For the sake of simplicity, the reaction was studied in the homogeneous phase. A 500 lm diameter Pt electrode was used as the substrate and a GC microelectrode of 10 lm diameter used as the tip. This procedure was also repeated with addition of 4 and 10 equivalents of TFA. TFA was used since a more stable current was obtained in comparison with HTB, that lead to considerable fouling of the tip and thus fluctuations of the signal.
The recorded curves were compared to the simulated ones to estimate the kinetic rate constant for the homogeneous reaction as shown in Fig. 6 . Fig. 6 shows that the apparent rate constant for all the TFA concentrations seems to be quite similar, such that the apparent reaction rate constant À k can be estimated as ca. 0.2-0.5 m 3 mol À1 s À1 . More accurate determination of the rate is not possible with this method, as the differences between simulated curves are quite small in this kinetics range. The simulations in Fig. 6 were done for the simple second-order reaction mechanism where DMFc and protons (and O 2 ) react in the bulk phase generating DMFc + and other products. For ORR, the rate determining step has been identified as protonation of DMFc to form DMFc-H + [35] . The rate constant k 1 for the DMFc-H + formation can be related to k simply by dividing it by a factor of two. This gives an estimate for k 1 as ca. 0.1-0.25 m 3 mol À1 s
À1
, which further corroborates the value of 0.5 m 3 mol À1 s À1 estimated from finite element simulations of the cyclic voltammetry at ITIES [35] . This shows that COMSOL simulations can be very good tools for analyzing reaction rates for complicated chemical reactions. The slightly smaller value obtained by the present experiments could be explained by the lower acidity of TFA compared to HTB present in the previous cyclic voltammetry experiments [35] . However, simulations show that this method would be more sensitive for even faster reactions and that the sensitivity can be increased by increasing concentration of protons.
Conclusions
We demonstrated that the combination of conventional electrochemistry at a liquid/liquid interface (enabled by the three-electrode strategy) with SECM in a feedback mode can be used to study the complicated kinetics of the oxygen reduction reaction at a biphasic system (i.e. catalytic EC' process). The present results confirmed that the liquid/liquid interface works as a proton pump controlled by the interfacial potential difference. The protons in the organic phase then participate in the reduction of dissolved oxygen by DMFc in DCE. Moreover, it was shown experimentally that the ORR mainly takes place in the bulk DCE phase when sufficient Galvani potential at the interface is applied. The kinetic rate constant for the chemical reaction between DMFc and H + was estimated as ca. 0.1-0.25 m 3 mol À1 s À1 , further confirming the voltammetric data analyzed by FEM through COMSOL [35] . The developed methodology can be used as a screening tool to characterize other electron donors or catalysts used for the oxygen reduction reaction or other energy-related reactions at the liquid/liquid interface. obtained approach curve differs from the analytical solution by less than 2.5%.
